The gain lever effect in quantum dot lasers is studied for the first time. A maximum enhancement of 8-dB in the modulation efficiency is observed by using a two-section configuration.
I. INTRODUCTION
Semiconductor quantum dot (QD) lasers are competitive candidates for high-speed optical communication systems due to their potential for high differential gain and direct modulation with negligible chirp. There has been much research conducted recently to improve the 3-dB bandwidth of quantum dot lasers such as using p-doped QDs or lowering the temperature [1, 2, 6] . In related studies, the "gain-lever" effect [5] is a method used to enhance the efficiency of amplitude modulation (AM) and optical frequency modulation (FM) at microwave frequencies by taking advantage of the sub-linear nature of the gain versus carrier density. Previously, 2-section quantum well (QW) lasers have been investigated theoretically and experimentally to explore the gain lever [3, 4] , but not QD devices, which are promising because of the strong gain saturation effect in dots. In this work, we report an 8-dB modulation efficiency enhancement in a QD gain lever laser diode and discuss the relation between the normalized 3-dB bandwidth and the modulation section gain for different power levels.
II. DEVICE STRUCTURE
The device investigated was grown by MBE on n+ GaAs substrate. The active region consisted of 10-stacked layers of InAs QDs covered by 5-nm In 0.15 Ga 0.75 As QWs separated by 33-nm GaAs spacers of which 10-nm is carbon p-type doped. The cladding layers are step-doped 1.5-µm thick Al 0.35 Ga 0.65 As. The laser structure is capped with a 400-nm thick C-doped GaAs. Two-section lasers with 1.5-mm cleaved cavity lengths, L cav , and 3-µm wide ridge waveguides were fabricated. The electrical isolation between the 0.5 and 1.0-mm segments was achieved using proton implantation.
III. EXPERIMENTAL RESULTS
The modulation experiment was done on a device having a threshold current of 35 mA and a peak wavelength of 1290 nm under uniform pumping conditions. Under forward bias and non-uniform pumping, the device exhibits the gain lever effect. In this case, the longer section (the "gain section") is biased at a high gain level and the shorter section (the "modulation section") is biased at low gain.
Due to gain clamping and the non-linear dependence of gain with carrier density, a small change in carrier density in the modulation section produces a much larger variation in carrier density in the gain section [4] . To determine the gain values in each section as a function of the bias currents, an accurate QD gain model is needed. The relation between current density and gain is derived from the measured threshold current densities and efficiencies of broad area lasers with different L cav 's. The calculated data are shown in Fig. 1 and fit to the following equation:
Where, G max is the maximum gain for ground state lasing and J, J tr are the threshold and transparency current densities respectively. The modulation efficiency enhancement was measured by comparing the modulation responses for uniform (the two sections have equal current density) and tandem (the two sections have different current densities) biased cases. In the tandem configuration, the current injection into the modulation section is decreased, while the current into the gain section is increased to maintain an output power equal to the uniformly pumped condition. The 3-dB modulation bandwidth varies between 2-5 GHz for the output power range of 3 -14 mW at the facet under uniform bias.
A modulation efficiency enhancement as high as 8-dB is observed as shown in Fig 2. The curve labeled as G a0 /G th =1 corresponds to the uniform pumping case. For the gain lever condition, assuming a constant photon density in the cavity, the gain in each section is found from the ratio of the stimulated emission rates and the gain model according to Eqn. (1): where, G a0 , G b0 are the threshold gains in the shorter (a) and longer sections (b) respectively, G a ,G b are the unclamped gains in the respective sections, G th is the total threshold gain of the device and h is the fractional length of the gain section and is equal to 2/3. The relation between the gains in the two sections is also related to the total threshold gain as:
where α i is the internal loss, and α m is the mirror loss.
In general, as output power increases the absolute bandwidth will increase in the 2-section laser just as in the single-section laser diode. For the 2-section laser, however, it is more instructive to analyze the normalized bandwidth. In Fig. 3 , the normalized 3-dB bandwidth is plotted as a function of the gain in the modulation section, G a0 , for three different power levels. Each set of f 3dB data is measured under gain lever conditions that have a constant output power with f 3dB0 corresponding to the bandwidth for the uniform pumping case. Equations (1) and (2) are then used to calculate G a0 and G b0. The results verify that the modulation bandwidth increases with more uniform pumping and that the bandwidth becomes more power dependent with increased asymmetry in the 2-section pumping or, alternatively, lower G a0 . The decreasing normalized bandwidth at higher powers and large pumping asymmetry may be due to the non-linear gain suppression effect.
The modulation responses from the gain-lever experiment were also curve-fitted with the single-section modulation response equation to extract the resonance frequency [6] :
Where f r is the resonance frequency, γ is the damping factor and τ c is the carrier capture time. The results shown in Fig.4 for the normalized resonance frequency indicate that the conventional single-section model is no longer valid for the two-section configuration below approximately G a0 /G th = 0.4. A better model for the tandem contact device would account for different damping rates in each section. 
IV. CONCLUSION
In this paper, an 8-dB enhancement in the modulation efficiency is demonstrated in a p-doped gain-lever QD laser. Also the validity of the single-section modulation response model was inspected. We verify that this expression fails for a two-section configuration below a normalized modulation section gain value of 0.4 and that separate damping factors for each section need to be included in this instance. The normalized 3-dB bandwidth as a function of gain in the modulation section for different power levels was also explored. It is also desirable to investigate this effect by using optimized structures, for instance, further improvement to the modulation bandwidth can be achieved by using a shorter cavity length [5] .
